Metallothionein (MT) is a low molecular weight metalbinding protein characterized by a high content of cysteine. The synthesis of MT is induced by heavy metals, hormones, cytokines and a variety of stress.
Induction of Hepatic
(500 mmol/kg, i.p.). Blood samples of animals were collected and used for analyses of IL-6, interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), interferon-g (IFN-g) and serum amyloid A (SAA). To determine dose-dependent changes of serum IL-6 concentrations by CeCl 3 administration, male ICR mice were injected i.p. with CeCl 3 at doses of 0, 100, 250, 500 and 750 mmol/kg. Animals were sacrificed 3 h after treatment, and blood was collected under anesthesia. IL-6 null mice and B6J129Sv mice were treated i.p. with CeCl 3 at doses of 0, 250 and 500 mmol/kg, sacrificed 24 h after treatment, and the serum concentration of SAA and the hepatic MT concentration were determined. All the samples were stored frozen at Ϫ80°C until subsequent analyses.
Determination of Serum Activities of Hepatic Enzymes
Serum ALT and AST activities were determined using an automatic analyzer (Model 7150, Hitachi Co., Tokyo, Japan).
Determination of Serum Cytokines and SAA IL-6 and IFN-g were measured using OptEIA ELISA kits from BD PharMingen (San Diego, CA, U.S.A.), and IL-1b and TNF-a were measured using ELISA kits from Genzyme-Techne (Minneapolis, MN, U.S.A.). SAA concentration was determined using Cytoscreen ELISA kit from BioSource International (Camarillo, CA, U.S.A.).
Determination of Cerium and MT Concentrations of cerium in the liver and kidney were determined by an inductively coupled argon plasma-mass spectrometer (ICP-MS) apparatus (HP4500, Yokogawa Analytical Systems, Musashino, Japan) after acid digestion of tissue samples with nitric acid. Mass number of 140 was used for determination of cerium. MT concentration was determined by Hg-binding assay 15) as modified from the original 203 Hg-binding assay. 16) Mercury bound to MT was measured by atomic absorption spectrophotometry using mercury analyzer (RA-2A, Nippon Instruments, Tokyo, Japan) after digestion with nitric acid. The MT content was expressed as nanomoles of Hg bound. HPLC/ICP-MS Analysis for Hepatic MT The distribution profile of metals in the liver supernatant was analyzed using HPLC/ICP-MS as described by Suzuki with a modification. 17) Portions of liver samples from three mice obtained 24 h after treatment with CeCl 3 (750 mmol/kg, i.p.) were pooled and homogenized in four volumes of saline. Supernatant samples were prepared by ultracentrifuging the homogenate at 105000 g for 1 h at 4°C. The liver of mice obtained 24 h after treatment with CdCl 2 (10 mmol/kg, s.c.) was prepared in the same manner. An aliquot (40 ml) of the liver supernatant was applied to a TSK gel G3000SW column (7.5ϫ600 mm with a 7.5ϫ75 mm guard column, Tosoh, Tokyo, Japan) and was eluted with 50 mM Tris-HCl buffer (pH 8.6 containing 0.1% sodium azide) at a flow rate of 0.8 ml/min on an HPLC Instrument (HP1100, Yokogawa Analytical Systems, Musashino, Japan). The eluate was introduced directly into the nebulizer capillary of an ICP-MS and the distributions of cerium, cadmium, zinc and copper were continuously determined at mass numbers of 140, 111, 66 and 63, respectively.
Statistical Analysis Data were expressed as meanϮS.D. Statistical significance was determined by using either oneway analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test. Differences between groups were considered significant at pϽ0.05. Figure 1 shows concentrations of cerium and MT in the liver and kidney of ICR mice treated with CeCl 3 . The administration of CeCl 3 resulted in a dose-dependent increase in MT level in the liver. The level of hepatic MT at the highest dose (750 mmol/kg) of CeCl 3 was 35 times that of control mice. On the other hand, only a small increase in MT level was detected in the kidney. Hepatic cerium concentrations increased markedly and dose-dependently ( Fig. 1) , while renal cerium concentrations hardly changed from the control level, suggesting that specific induction of MT in the liver by CeCl 3 may reflect the preferential accumulation of cerium in the liver.
RESULTS
The distribution profiles of cerium, cadmium, zinc and copper in the liver supernatants of mice treatment with CdCl 2 and CeCl 3 were analyzed by HPLC/ICP-MS. As shown in Fig. 2 , two isoforms of MT were observed as two peaks of cadmium at retention times of 22.9 (MT-II) and 24.2 min (MT-I) in the liver supernatant of CdCl 2 -treated mice used as a positive control. On the other hand, in the liver supernatant of CeCl 3 -treated mice, cerium was detected only in the highmolecular weight fraction. Instead, two clear peaks of zinc (retention time 23.0 min and 24.3 min) were detected. These distributions of metals indicate that cerium was not bound to the MT induced by the administration of CeCl 3 , and that zinc was the major metal bound to MT in the CeCl 3 -treated mice.
The hepatic injury by administration of CeCl 3 was examined using biochemical indicators obtained from blood. As shown in Table 1 , serum ALT and AST activities increased dose-dependently in mice treated with CeCl 3 . To examine whether the hepatic injury was caused by inflammation, we measured concentrations of SAA, an acute phase protein.
The concentrations of SAA increased markedly and dose-dependently in mice 24 h after treatment with CeCl 3 (Fig. 3B) . The SAA level began to increase 6 h after CeCl 3 administration, and reached a plateau level at 12 h (Fig. 3A) . These results suggest that administration of CeCl 3 caused inflammation in the liver, leading to increases in the levels of SAA, ALT and AST. As shown in Fig. 4A , serum concentrations of IL-6 increased after the administration of CeCl 3 with a peak at 3 h. The concentrations of IL-6 at 3 h increased dose-dependently (Fig. 4B) . On the other hand, the concentrations of IL-1b, TNF-a or IFN-g in the serum of CeCl 3 -treated mice were close to the limits of detection at any time points.
To further examine the involvement of IL-6 in CeCl 3 -induced MT synthesis, IL-6 null mouse were utilized. Administration of CeCl 3 to IL-6 null and control B6J129Sv mice resulted in increases in MT levels, but the MT levels in IL-6 null mice were about one third of those in control mice (Fig.  5A) . On the other hand, the production of SAA by treatment with CeCl 3 was markedly reduced in IL-6 null mice (Fig.  5B) , suggesting an important role of IL-6 in the production of SAA by treatment with CeCl 3 .
The results obtained by using IL-6 null mice suggest that IL-6 production plays the most important role in MT induction in the liver of mice treated with CeCl 3 . However, the contribution of other factors cannot be excluded.
DISCUSSION
In the present study, we demonstrated that the cerium, a trivalent lanthanoid metal, was a potent inducer of MT in the liver of mice. The maximum level of MT induced by CeCl 3 was almost the same as that induced by zinc. Accumulation of cerium was observed in the liver, but not in the kidney (Fig. 1) . However, HPLC/ICP-MS analysis of the supernatant of the liver revealed that cerium was not bound to MT pro- teins induced by cerium (Fig. 2) . The major metal bound to MT protein was zinc. This means that CeCl 3 can induce MT effectively, but cannot bind to MT, and suggests a different mechanism of MT induction compared with that of other MT-inducing metals such as cadmium and zinc. The measurement of serum cytokine levels and the utilization of IL-6 null mice revealed that IL-6 plays an important role in the induction of MT by cerium (Figs. 4, 5) .
To date, various agents such as organic solvent, endotoxin, hormones, and cytokines have been shown to induce MT in animals and cells. [18] [19] [20] [21] [22] Inflammation or physical stress involves the induction of cytokines such as IL-1b, IL-6, TNF-a and IFN-g. These cytokines are also inducers of MT in the liver of animals and hepatic cells. [18] [19] [20] [21] Especially, IL-6 plays a key role in the induction of hepatic MT by n-hexane, 22) ultraviolet, 23) partial hepatectomy, 24) turpentine, 25) ferric nitrilotriacetate, 26) and restraint stress. 27) Cadmium also induces IL-6 as well as IL-1b and TNF-a, 28) suggesting that the induction of MT by cadmium is mediated, at least in part, by inflammatory responses in hepatocytes, although the primary pathway for MT induction by cadmium is the activation of the transcription factor, MTF-1. 13, 14) Thus, many studies have suggested the involvement of inflammation in the induction of MT by various compounds, but the actual contribution of inflammation or cytokine production in MT induction by metal compounds has not yet been evaluated quantitatively. In the case of cerium, hepatic MT concentration was suppressed by about 70% in IL-6 null mice (Fig. 5) , suggesting that the most important pathway for MT induction by cerium was the production of IL-6. Preferential induction of MT in the liver might have reflected not only the accumulation of cerium but also the abundance of IL-6 receptor in the liver.
In the present study, the administration of CeCl 3 caused dose-dependent increases in the activities of serum ALT and AST (Table 1) as well as SAA levels (Fig. 3) . Previous studies have also reported that cerium can cause hepatotoxicity. 6, 29, 30) The fact that MT cannot bind cerium might have aggravated liver injury. The production of acute phase proteins such as C-reactive protein, a 1 -acid glycoprotein, fibrinogen, and SAA in the liver is mediated by cytokines including IL-6, [31] [32] [33] and is considered as the defense mechanism against hepatic injury.
34) MT has also been referred to as an acute phase protein. 35) As the increase in serum IL-6 concentration preceded the increase in SAA levels (Figs. 3,  4) , it is highly probable that the IL-6 triggered the production of SAA as well as that of MT in the liver of mice treated with CeCl 3 .
As shown in Fig. 5B , the production of SAA by CeCl 3 administration was almost completely suppressed in IL-6 null mice, suggesting a complete dependence of SAA production on IL-6. 36) On the other hand, the induction of MT was not completely suppressed in IL-6 null mice (Fig. 5A) . Other factors such as the activation of MTF-1 by cerium itself or the production of other cytokines could be involved. Also, the possibility that the hepatic cell injury caused the induction of MT non-specifically in the liver could not be excluded. Although no increase in the levels of IL-1b, TNF-a or IFN-g were detected by ELISA in the serum of mice treated with CeCl 3 , transient activation of these cytokines at the level of gene expression should be scrutinized in a future study.
HPLC/ICP-MS analysis of the supernatant of the liver showed that the MT protein induced by CeCl 3 did not contain cerium (Fig. 2) . It has been reported that the electronic configuration of the metal ion plays a crucial role in the formation of stable complexes with thiolate groups of MT. 37 39) but it is not clear whether gadolinium binds to MT. Iron and chromium, not d(10) metals, also induced MT synthesis, and the association of inflammatory responses was suggested. 40) However, the actual contribution of cytokine production to the induction of MT by these metals has not yet been elucidated.
In conclusion, trivalent cerium is a potent inducer of MT, but does not bind to MT probably due to its electronic configuration. The induction of MT synthesis by cerium is mainly mediated by the production of IL-6, which accompanied the production of acute phase proteins such as SAA. Further studies are warranted for the elucidation of the involvement of cytokine production in the mechanism of MT induction by heavy metals. Also, the roles of the production of cytokines and acute phase proteins by metals in the protection against metal toxicity should be clarified.
